A technique observing contour lines of an object by the use of moir6 is developed. Shadow of an equispaced plane grating is projected onto an object by a point source and observed through the grating. The resulting moir6 is a contour line system showing equal depth from the plane of grating if the light source and the observing point lie on a plane parallel to the grating. A technique to wash away the unwanted aliasing moir6 optimization of contour line spacing and visibility and the results of the application are described.
The best way to describe a three-dimensional shape is to draw the contour lines. Formation of the Newton's ring between an object and an optical flat is a direct means of observation and recording of contour lines, but the depth of the surface under test is limited to not more than several tens of the wavelength of light used. There has been no simple way of observing contour lines of an object with greater depth.
Tsurutal proposed an ingenious way of recording contour lines of an object with a diffusing surface. This method, however, visualizes contour lines only after several processes and requires high quality optics.
The size and depth of the test object may be limited.
Drawing contour lines from a pair of stereo pictures with the aid of a drawing machine is most commonly used to obtain contour lines of a large object but, like the aforementioned method, this is not a direct method either and requires expensive instruments.
Multislit Lichtshnittverfahren with 90-deg incidence angle visualizes contour lines in situ but only on convex surface. This paper will describe a method for visualizing contour lines in situ on an object of medium (such as a face of a coin) and large (such as a car) size and depth.
Suppose an equispaced plane grating with line spacing so is placed over an object to be tested (Fig. 1) . The surface is illuminated by a point source S and observed through a small hole at E. The x coordinate is taken to lie along lines of grating and the z coordinate is taken to be perpendicular to the grating surface. S and E lie on the Y-Z plane. The shadow of small area of the grating around Q is projected around P.
The shadow observed from E around R is the result of central projections applied twice on the grating around Q. Because the line spacing so is very small compared with vertical distances S and E from the grating, the projections are practically parallel projections. Therefore the shadow observed through grating surface around R is a grating with different direction and spacing from the original grating but has same phase relation to R with that of original grating to Q.
Assuming a sinusoidal grating, transmittance of the grating is
where so is line spacing of the grating and phase of the grating.
The projection of shadow around R is (1) e is initial Is = -11 + cos27rlt(E + yQ)/sO + /s']lo}, (2) where yQ is y coordinate of Q, t is a new coordinate with the origin on R, which is vertical to the projection of shadow of the grating lines on xy plane. Using x and y, is expressed as follows, assuming the angle of projected shadow relative to original lines as 0, and the line spacing of projected shadow ass':
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The first cosine term represents the projected shadow of the grating. This is not necessarily of high frequency, as will be mentioned later. In most cases, however, the frequency of this term is in about same order with that of grating and can be separated from moir6. The second cosine term represents grating itself and the fourth cosine term the sum of grating and its shadow. These are also of high frequency.
The third cosine term represents moir6 in the small area around R on the grating or around P on the surface. Lightness of moir6 at P is obtained by making = Xv and y = YR, where x and YR are x and y coordinate of R:
Note that the initial phase of the grating is dropped from the expression. This means that the moir is stationary against parallel movement of the grating in its plane.
Elementary geometry gives
where h is depth of P from the surface of grating taken positive to downward. By making 1 = 1E = 1, Eq. (6) is simplified as
which is a function of h only for given d and 1.
Thus the equal brightness line represents the equal depth line. The depth of the Nth bright line is obtained by making the argument of the cosine term of Eq. (5) equal to 2N as follows:
In most cases d is much larger than so and the following relation may be used as a good approximation:
When is infinity, which means illuminating with collimated light and observing vertically through a small hole on the focal point of a field lens, Eq. (8) is written as
where (p is incidence angle of illuminating light. Figure 2 shows contour line system of a 25 cent coin, on which a thin coat of white paint is applied. Collimated light and a field lens are used for illumination and observation. The grating used is plane glass Ronchi ruling of one to one ratio of width and space.* Use of a collimating lens and a field lens is not prac- object surface and to observe the stripes with a small aperture so that the bright stripes are blocked by the lines of grating.
Too fine a grating causes diffraction of light which blurs the shadow. Thus this technique is not suitable for observing a very small depth which would be observed successfully by the Newton's ring.
Even if the grating is coarse, the shadow is blurred by penumbra, which is determined by the width of light source. The smaller or thinner the light source along the line of grating the sharper is the shadow. Light should not be diffused at the object surface;
i.e., should be reflected from object surface layer which is as thin as possible. A rough metallic surface usually gives good results. A translucent object needs white surface coating. A small amount of black pigment mixed in the coating improves the visibility because of the improved covering power. The aperture of the camera lens should be small to increase the depth of focus. A lens of short focal length allows usage of smaller F number than a lens of longer focal length at the sacrifice of image quality.
Larger illumination angle gives finer contour lines using a grating of some line spacing, but too much oblique illumination is not recommended because it
gives an unnatural shadow of the object.
Our present system gives visible contour line of 2-mm interval down to 400 mm deep using a grating with 1-mm pitch.
An object which has a surface with large inclination introduces some difficulties. First, the width and spacing of shadow of lines of grating increase on such a part of surface with a small angle to the illuminating light. This means that frequency of the first term of Eq. (4) is decreased and mixed up with the moir6. Second, an aliasing moir6 appears, which is actually a moir6 formed between higher harmonics of shadow and grating or higher harmonics of grating and shadow. By using two light sources arranged symmetrically about E, shadow-free illumination is possible without affecting the contour line system. Figure 6 is a contour line system of a mannequin taken by shadow-free illumination.
By using two light sources arranged symmetrically about E, shadow-free illumination is possible without affecting the contour line system. Figure 6 is a contour line system of a mannequin taken by shadow-free illumination.
To obtain the moir6 system with good visibility of a translucent object, such as the human body, application of liquid powder, preferably darkened down to Munsell by adding black pigment, is recommended. Figure 7 shows a contour line system of a living human body. ?loir6 produced between two systems of contour line shows up the contour line system of equal depth difference of the two surfaces. Data are same as for the Fig. 4 but the grating is moved parallel in its plane during exposure. Note that shadow of lines of grating and aliasing moir6 are washed away. (12) which means that the moir6 forms a set of curves of equal depth difference. Recently Brooks and Heflinger published a paper on moir6 gauging. 4 In their method an equispaced laser interference pattern is projected on a test object, a picture of the pattern is taken, and the negative plate is restored in its original position. Observing the test object illuminated by the same interference pattern through the master negative shows up moir6 corresponding to change in the test object.
A main difference between our method and theirs is vhether a pattern projected on a test object and a pattern to interfere with the first pattern are dependent, as ours are, or independent, as theirs are, so theirs has more freedom than ours. For instance, if an equispaced linear grating is used as a master negative of their method, the inal contour lines are close and the depth change is relatively small. The contour lines cross with large angle on the part where deformation is large and the moir6 is hard to observe visually. The cross points with same K's must be picked up to draw contour lines of equal depth difference. moir6 will be a contour line system of equal depth from a plane corresponding to the linear grating used.
Because the image of the first pattern must be resolved on the master negative plane, the depth of a test object of their method will be limited. This is also true of our method since sharp shadow of the lines of grating must be projected on the surface of a test object, but the images of lines of grating and their shadow are not necessarily resolved at the image plane, so the requirement imposed on the imaging system is much less for our method. Moreover, coherent light is not necessary, and the moving grating method is easily applied. The observation of deformation of our method is not as neat as theirs. Therefore both methods seem to have their merits and demerits.
